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PREFACE
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& Design Data."
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to September 1985, under the direction of the author, Neal R. Ontko

(AFWAL/MLSE). This report contains data and a description of the test

effort by Southern Research Institute and AFWAL/MLSE. Report No.

SoRI-EAS-84-1111, "Mechanical Properties of Ti-6Al-4V PM Alloy," was

received in November 1984 documenting portions of this effort.

The author wishes to thank Mr. Stuart Starrett and the Southern

Research Institute (SoRI) for their efforts in testing the material and

assembling this report, Dr. F.H. Froes (AFWAL/MLLS) and Mr. Gerald Petrak
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SECTION I

INTRODUCTION

This work wds undertaken for the purpose of establishing mechanical

properties data on "Elementally Blended" Titanium-6AI-4V manufactured by

an innovative powder metallurgy process. A total of ino test specimen

bldnks were purchased by the Air Force Materials Laboratory from

Imperial Clevite (Gould, Inc.) Cleveldnd, Ohio. Powders from a master

alloy of Aluminum and Vanadium comprising 10 percent of the total weight

was blended with commercially available powder from Titanium sponge

fines. This blend of powders was then cold pressed, sintered ;ind hot

isostatically pressed. Details of the processing are considered propri-

etary. Comparative costs for this material are substantially less than

powders made from pre-alloyed billets such as Rotating Electrode Process

(REP) titanium.

Four different types of evaluations were performed on the mdterial;

tension, fatigue (smooth and notched), crack growth rate, and fracture

toughness. The tensile evaluations were performed at room temperature

(PT), 400°F and 900'F by Southern Research Institute (SuRf), Birmingham,

Alabama. Smooth and notched fatigue tests at RT and 800'F, crack growth

rates at RT, and fracture toughness testinq at RT were also completed at

SoRI. Fatigue testing at 400*, crack growth rates at 40()°F and 8000F,

and fracture toughness at 400'F and 800'F were conducted at the Air

Force Wright Aeronautical Materials Laboratory by the Systems Support

Division's Engineering and Design Data Group (AFWAL/MLSE).



SECTION II

MATERIALS AND SPECIMENS

The Ti-6Al-4V PM Alloy material for this program was supplied in

the form of eight square plain shape blanks 2 1/8" x 2 1/8" x 7/8" thick

and fifty-six blanks 9/16" x 9/16" x 3 1/2" long in the sintered and

annealed condition. Four of the 2 1/8" square pieces were slabbed in

order to provide twice the number of specimen blanks from which crack

growth specimens could be machined. The crack growth specimen con-

figuration is shown in Figure 1. The remaining four square blanks were

machined into fracture toughness specimens as shown in Figure 2.

Sixteen of the 9/16" x 9/16" x 3 1/2" blanks were machined into

tensile specimens shown in Figure 3, and the remaining forty blanks were

converted to either smooth or notched fatigue specimens as shown in

Figures 4 and 5, respectively.
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SECTION III

EQUIPMENT AND PROCEDURE

Chemistry

A chemical analysis of the material was conducted. The results dnd

constituent elements found in the analysis are reported in Table I.

Tensile

The tensile evaluations were conducted on an Instron servohydraulic

testing machine suitably equipped for plotting load versus strain

recordings at SoRI. Load was sensed by means of a strain-gage load cell

and strain was sensed by clip-on extensometers that were attached to

mechanical flags located at the specimen gage points. Specimen heating

was accomplished by use of a quartz-lamp furnace, which was adjustable

vertically in order to regulate temperature gradients in the specimen.

Insulation was also used to minimize specimen gradients. The specimens

were loaded at approximately 10 KSI per minute.

Operational procedures consisted of installing each specimen in the

threaded grips and attaching the grips to the pullrod assembly by

insertion of loading pins. The clip-on extensometers were attached or

opposite sides of the specimen and the recorder X and Y calibrations

were established by switching in the appropriate shunt resistances. The

specimen was then loaded at a rate of approximately 10 ksi per minute to

failure.

Fatigue

The fatigue specimens were evaluated in both Instron and MTS

servohydrdulic testing machines. After the machining operation, the

diameter of each smooth specimen was measured with a standard microrle-

ter. The notch root diameter of the notched specimens was measured with

3



d Gaertner traveling microscope and used for calculation of the applied

stresses. Each specimen was then installed in the testing machine, and

sine-wave cyclic loading was initiated at 25-30 Hz. An R (R = min load/

max load) ratio of 0.1 was used for all specimens, and the maximum load

for each specimen was selected to fit into the desired range of cycles-

to-failure up to a maximum of I x 107 cycles. Each data point was

plotted on semi-log graph paper as the information became available in

order to better visualize the curve development and in order to more

reasonably estimate the successive load values.

For temperature evaluations, heating was by means of a quartz-lamp

furnace at SoRI and an electrical resistance element furnace at AFWAL.

Specimen temperature gradients were controlled to acceptable levels when

using the quartz-lamps by vertical adjustment of the furnace relative to

the specimen and by discreet placement of insulation material as was

done for the tensile specimens. For the notched specimens a single

thermocouple was wired to the specimen immediately adjacent to the

notch. The junction was heat-insulated from direct radiation by the

lamps in order to more nearly represent the actual temperature of the

specimen. The resistance furnace was a three zone design. Controlling

each zone eliminated gradients.

Fatigue Crack Growth Rate

The fatigue crack growth rate studies were conducted in accordance

with ASTM E647, "Constant-Load-Amplitude Fatigue Crack Growth Rates

Above 10-8 in./Cycle." The constant-load-amplitude cycles were imposed

upon the specimens by means of an Instron, Model 1332 servohydraulic

testing machine, operating in the frequency range of 5 to 10 Hz at SoRI.

Testing at AFWAL/MLSE was accomplished using MTS closed loop servo-

hydraulic test equipment for imposition of constant amplitude loading 
at

30 Hz. Clevis-type grips were used for attachment of each specimen to

the pullrod system. Test machines were programmed for sine-wave cyclic

4



operation, and the load maximum and minimum amplitude monitored by means

of a maximum and minimum peak-reading digital voltmeter and also by a

built-in oscilloscope. Crack lengths were measured on both sides of the

specimen.

For both the precracking and crack-extension procedures, the

pre-set counter was adjusted for a predetermined number of cycles. When

the intended number of cycles was completed, the machine autoHlatically

shut down, thereby permitting careful measurements of the crack length

at an exact number of cycles. An electronic counter maintained a

running total of the cycle count. Pertinent data was logged at the end

of each cycle interval, and the information used to calculate average

crack length, average of incremental crack extension, dd/dn, and Oc , or

a/W. Each measurement interval was checked against the recommended

intervals to assure that the da/dn data were evenly distributed with

respect toAK. Following are the recommended measurement intervals for

CT specimens:

a < 0.02W for 0.25 < a/W< 0.60

A a - 0.01W for a/W >0.60

Additionally, a conscious effort was made to keepOCvalues >0.2,

as was an effort made to keep Kma x always less than the limiting Kmax

values designated KmaxL Anticipated KmaxL values were calculated from

known data in conjunction with the a/W versus KiaxL/y- ys plot of E647,

Figure 6.

For all specimens, precracking stress intensities were selected for

crdck initiation, followed by a lowering of the stress intensity by no

more than ?0 percent decrements until a suitable starting level was

reached for crack growth. For two specimens, Numbers 1 and 6, the load

arplitude was constant throughout the crack growth period. For the

remainder of the specimens, incremental changes in load amplitude were

effected in order to generate data at different stress intensities than

5



otherwise would be possible. Appropriate crack extension at each stress

intensity preceded each measurement interval.

The secant method was used for calculating the a versus H data. No

smoothing method was applied to the crack length data, nor to the

calculated results. The N data are considered to be essentially exact,

since it was simply a matter of counting the total number of cycles.

Fracture Toughness

The fracture toughness evaluations were conducted in accordance

with ASTM E399, "Plane-Strain Fracture Toughness of Metallic Materials."

Both the precracking and the load-to-failure operations were performed

at room temperature using the same equipment as previously described in

the crack growth rate studies. Also, the same grip and pullrod assembly

was used, except that different specimen thicknesses required that a

different set of spacers be used for specimen centering. Precracking

was accomplished by utilizing constant amplitude cyclic loading, keeping

in mind the criteria that determine the validity of the test results. A

Gaertner traveling microscope and a Pentax microscope were used in

monitoring the crack growth in relation to the two lightly scribed marks

that denoted maximum and minimum crack lengths.

After precracking, a pair of calibrated clip-on extensometers were

attached to the small pins that were located along the hole centerline

on each side of the specimen. A uniform loading rate was used to load

the specimen while plotting a load versus displacement curve on an

autographic recorder. Calibrations were noted on the X-Y chart, and the

0.95 (P/4)0  line where (P/4)o is the slope of the line tangent to the

initial linear part of the record was drawn from the origin through the

curve thus establishing point PQ at the intercept. The ratio Pmax/PQ

was calculated to determine if the ratio was within the acceptable limit

of 1.10.

6



If the calculated result was less than both the specimen thickness

and the crack length, then KQ was equal to KIC* Otherwise, the test was

an invalid KIC test.

Additionally, the specimen strength ratio, Rsc, was calculated as

follows:

R =
2Pmax(

2W + a)

sc B(W -a)23-

where P = maximum load, klbfmax
B = specimen thickness, in.

W = specimen width, in.

a = crack length from crack tip to hole centerline, in.

YS = tensile offset yield strength, ksi

7



SECTION IV

RESULTS AND DISCUSSION

Tensile

A tabulation of the tensile results is presented in Table 2, and

Lhe results at each temperature are plotted in Figure 6, 7 and 8.

Physical data for all of the cylindrical blanks are given in Table 3.

It should be noted that the specific weight values in Table 3 are only

approximate since centering holes had already been drilled in the

specimen ends when the weights were recorded.

It can be seen from Figure 6 that the ultimate strength decreased

from 136.5 ksi at room temperature to 80.2 ksi at 800'F and the yield

strength decreased from 122.8 ksi to 63.0 ksi over the same temperature

range. The elastic modulus decreased from 17.2 
x 106 psi to 14.5 x 166

psi, Figure 7. The elongation in I inch remained nearly constant,

varying only from 6 to 7 percent. Also, over the same temperature range

of 70 to 800'F, the reduction in area decreased from 26 to 19 percent,

Figure 8.

Along with the physical measurements on the tensile specimen

blanks, longitudinal and shear velocity measurements were made on a

single blank at room temperature by SoRI. The results from the measure-

ments were:

VL = 0.2400 x 106 in./sec

VS = 0.1254 x 106 in./sec

P = 4.386 g/cc

These values were used to calculate Young's modulus, shear modulus,

and Poisson's ratio:
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E = 16.9 x 106 psi

G = 6.5 x 106 psi

= 0.31?

The Young's modulus value of 16.9 x 106 psi agrees well with the

average value of 17.2 x 106 psi measured in tension.

The calculated results were obtained from the expressions:

1 - 1/2(L)

(1 -

E = pV2 (1 +.)(- 2)
(1 -. 4)

G = V2p

E = Young's modulus, psi

G = shear modulus, psi

= Poisson's ratio

VL = longitudinal velocity, in./sec

V- = shear velocity, in./sec

p = w/g

w = specific weight, lb/in.
3

g = gravitationd acceleration, 386 in./sec 2

Fatigue

The fatigue results are tabulated in Tables 4 and 5 and are plotted

in the graphs of Figures 9 and 10. Figure 9 contains the results at

kt = 1.0 (smooth) and Figure 10 at kt = 3.0 for (notched specimens) at

the indicated test temperatures.

Figure 9 shows that room temperature specimens cycled at maximum

loads from about 74 to 86 ksi, or 60 to 70 percent of yield strength

9



endured only 45,000 to 50,000 cycles, while one specimen cycled at a

maximum load of 70 ksi, or 57 percent of yield strength, endured I x 107

cycles without failure. Several specimens tested at very nearly the

same stress level failed within a range of cycles from 7.6 x 104 to 2.4

x 106. The shape of the curve indicates that smooth specimens under

cyclic maximum loads between 68 and 75 ksi are likely to fail over a

broad range of cycles.

Smooth specimens were cycled at 800'F using maximum loads from 95

to 56 percent of the tensile yield strength that was obtained at the

same temperature. The resulting data points for the smooth specimens

show an orderly increase in cycles on the log scale as the cyclic stress

was reduced. The highest stress, 60 ksi, failed the specimen at 3 x ]04

cycles, and at the lowest stress, 35 ksi, one specimen failed at 2.5 x

106 cycles, and another at the same stress completed 1 x 10
7 cycles

without failure.

As seen in Figure 10 the 70'F notched-specimen results indicated

little scatter in the data between 70 and 34 ksi maximum loads with the

number of cycles varying between 4.2 x 10 and 8.6 x 104. All four

specimens that were cycled at loads of 32.5 ksi and below endured I x

10 cycles without failure.

The notched specimens that were evaluated at 800'F showed the

widest scatter in the number of cycles completed versus stress levels.

The range of maximum stresses selected for this group was from 35 ksi to

15 ksi, representing 56 and 24 percent of the yield strength at 800'F.

The three highest stresses, 35, 30, and 25 ksi, showed a straight-line

increase in cycles-to-failure of 2.28 x ]04, 5.30 x 104 and 1.12 x 105,

respectively, as can be seen on the semi-log plot. However, at stresses

of 22 ksi and below, extremely wide scatter was experienced, ranging
47

from 1.72 x 10 to run-out at 1 x 10 cycles without failure. Equipment

and procedures were checked at that time in order to learn if a reason

could he found for the scatter. No explanation was forthcoming.

10



Crack Growth Rate

Tabulated results from the six crack growth specimens are presented

in Table 6. Specimens numbered 1 and 6 were cycled without change in

their constant load amplitude throughout the test. However, the remairl-

der of the specimens were subjected to incremental load amplitude

changes in order to expand the number of data points for the limited

number of specimens available.

Room temperature crack growth rate results are plotted in Figure

11. No smoothing of the results was attempted, neither from the

standpoint of crack length measurements nor the final A k values in

order to show the scatter. Other than for the amount of actual scatter

in the material, the experimental error in making the crack length

measurements probably contributed the most toward the scatter. By

contrast, the cycle count for each increment of crack length was

considered highly accurate, and the load amplitude control was

considered to be within 1 percent. Variations in the material could

result from a combination of factors such as microstructure, strength,

and texture. Point-to-point material variability could exist due to

minor processing and material inhomogeneities.

It can be seen in the logarithmic plot of crack growth per cycle,

da/dN, versus the stress-intensity fdctor range for each cycle, A k,

that the upper region of the plot shows a rapid, unstable crack growth

rate starting at a a k value of about 32 ksi*in. /  This value corre-

sponds roughly to the KIC values obtained for this material and de-

scribed in the fracture toughness section of this report.

The crack growth data measured at AFWAL/MLSE dt 400'F and 800'F are

shown in Figures 12 and 13. The data are represented by straight lines

on Figure 11.

11



Fracture Toughness

Of the four fracture toughness specimens available for room temper-

ature testing only two of the specimens were successfully carried beyond

the precracking stage.

Table 7 gives a tabulation of measured and calculated data for

these two specimens. Both specimens revealed typical fracture surfaces

for PM materials in that the surfaces were essentially flat, with slight

fraction oblique edges.

Fracture toughness data was measured by AFWAL at 400°F and 800'F.

Data reduced from those tests may be found in Table 8.

12



SECTION V

COMPARISON

Tensile

The mechanical properties generated from room temperature tensile

tests were equivalent to those shown for annealed sheet, strip, and

plate in Reference 1, and beta-annealed "low oxygen" processea plate in

Reference 5. Tensile ultimate and yield strengths were again equivalent

at 400'F and 800'F to those shown in Reference 5. Modulus of Elasticity

values for the PM "Elemental Blend" material tested in this effort were

also equivalent. Tensile properties were superior to those shown for

other PM prealloyed material in References 3, 5, 6. Tensile ultimate

and yield strengths were higher and modulus values equal to those in

Reference 4.

Fatigue

Fatigue data generated for smooth and notched specimens was not as

good as that shown for wrought material in the annealed condition in

Reference 1 or 5. However, when compared to other PM products this

material performed better than the material tested in Reference 6 and

equivalent to that in Reference 3 and 5. When compared with fatigue

behdvior of other blended elemental and prealloyed material to ingot

material in Reference 9, this datd falls along the lower boundary for

wrought Ti-6AI-4V and the upper side of the blended elemental. Data

from prealloyed powder compacts as shown was slightly higher. See

Figure 11.

Fatigue Crack Growth Rate

Fatigue Crack Growth rates were also investigated in laboratory air

at room temperature, 400'F and 800*F. Crack growth rates were similar

to those shown ini Reference 1 and 10 but faster than those found in

Reference 2, 3, and 7.

13



A comparison from Reference 10 is included to illustrate fatigue

crack growth rates for prealloyed powder metallurgy consolidated materi-

al and wrought annealed Ti-6Al-4V. See Figure 13.

Fracture Toughness

Fracture toughness values at room temperature were significantly

less than those shown in References 2 and 7 and approximately equivalent

to those of Reference 3. It should be noted that the wrought (annealed)

products used in this comparison took many forms including forgings and

various thicknesses of rolled plate.

No stress rupture or stress corrosion data was generated in this

effort.

14



REFERENCES

I. Department of Defense, United States Air Force, " MTL-HDBK-5b
Metallic Materials and Elements for Aerospace Vehicle Structures,"

Naval Publications and Forms Center, Philadelphia, PA, 1983.

2. Metals and Ceramics Information Center, "Damage Tolerant Design

Handbook," MCIC-HB-O1R, Battelle, Columbus, OH, 1983.

3. "Effects of Manufacturing Processes on Structural Allowables,"

AFWAL-TR-82-4136, United States Air Force, WPAFB, OH, 1982.

4. Clark, L.P., Consolidation of Titanium Powder to Near Net Shapes,

AFtIL-TR-78-41, United States Air Force, WPAFB, OH, 1978.

5. "Collected Engineering Data Sheets," AFML-TR-78-179 United States

Air Force, WPAFB, OH, 1978.

6. "Engineering Data on New Aerospace Structural Materials,"
AFML-TR-77-198, United States Air Force, WPAFB, OH, 1977.

7. Cervdy, R.R., "Mechanical Properties of Ti-6A]-4V Annealed

Forgings," AFML-TR-74-49, United States Air Force, WPAFB, OH,

1974.

8. American Society for Metals, "Atlas of Fatigue Curves," ASM, Metals

Park, OH, 1986.

9. Titanium, Science and Technology, "Powder MetallurQy of Titanium

Alloys," Federal Republic of Germany, 1984.

10. Metallurgical Transactions A, "Fatigue Crack Growth Rate of

Ti-6Al-4V Prealloyed Powder Compacts," ASM, Metals Park, Ohio,

1982.

15



TAB3LE 1

Chemical Analysis of PM Ti-6AI-4V Material

Two Readings

5.76 - 6.01% Al (by weight)
3.84 - 3.93% V
0.18 - 0.19% Fe
0.11 - 0.12% Cl

Balance Ti

Trace Elements

150 PPM Si
50 Mg
50 Mn
10 B
20 Sn
20 Ph
150 Ni
25 Cu
50 Cr

100 W
5 Ca
10 MO
20 Zr
100 Co
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TABLE 4

Fatigue Data I for Smooth Specimens of
Ti-6AI-4V at Room Temperature, 400F, and 800

0F in Air

Specimen Number Temperature Max. Stress Cycles to Failure

OF ksi

10 70 68.5 542,400
70 70.0 10,55,550
70 71.0 75,700
70 72.0 307,500

4 70 73.0 2,400,100

7 70 73.5 47,100

5 70 74.0 4S,100

3 70 76.0 80,10o

1 70 80.0 40,530

6 70 85.0 44,780

:3 400 50 453,500

4 AOO 50 >11,356,700

10 400 57.5 >10,921,000

1 400 60 4,732,100

2 400 60 8,873,100

7 400 65 7,824,600

9 400 67.5 5,463,200
5 400 70 2,646,600

8 400 70 106,300

6 400 75 67,400

16 800 35.0 2,611,700

18 800 35.0 >10,000,000

14 800 38.0 4,354,900

19 800 38.0 6,800,000

13 800 40.0 3,953,700

12 800 42.0 4,347,300

11 800 44.0 1,426,400

15 800 50.0 306,100

17 800 56.0 171,000

20 800 60.0 29,100

30 Hz; R=0.1
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TABLE 5

Fatioue Data for Notched Specimens of

Ti-6AI-4V at Room Temperature,400'F.and 800'F in Air

Specinen Number Temperature Max. Stress Cycles to Failure
OF ksi

5 70 25.0 >10,000,000

6 70 30.0 >10,000,000
9 70 31.0 >10,000,000

10 70 32.5 >10,000,000

7 70 34.0 55,800
70 34.0 86,1GO

4 70 40.0 38,300

3 70 50.0 22,100

2 70 60.0 8,900

1 70 70.0 4,200

16 400 20 >11,249,400
10 400 25 431,900

19 400 30 93,700

18 400 40 24,900
17 400 50 11,400

13 400 60 16,500

17 800 15.0 >10,000,000

15 800 17.0 290,000

16 800 17.0 17,200

18 800 18.0 >10,000,000

11 800 20.0 8,172,200
90 800 20.0 45,600

14 800 22.0 6,948,8OG

12 800 25.0 112,100
13 800 30.0 53,000

19 800 35.0 22,800

130 Hz; R = 0.1

20



.. . .~e e . .

*~~~~~~~~ 4s IVS 55 55 11 cc w1 51 6 1 1 i st

* - ..20 0 0000 000 0000000 00000 0Nftr vW% ar. 0 r-w 00z00 0

-~ ~~~ -XX E -E E ME U -N E N -E X -X - -- - -X-- --

ex.r 4i r-4f.4rN

m V

o t

=0 00 0 c0000 c0 oc cOo c c c o0000000 I

0- C,,

-7 
o

- T

- s-

- - - -~ - - - - - -

r40-00M- 0 000000w - -0 0 'D00 CD 0O00 00

VL~~~~~i Z- Z C o011

21,



TABLE 7

P'ASURED AND CALCULATED K DATA MFR TWOI Ti-6AI-4V PM 

IC . ""-. "), /

A.LLOY SPECIMENS (SORI)U

rRACr.K IOUGHWESS It DATA SHUT?
ic

PAMILTi-6Al-4V PM Alloy

anA 4

sPEc:MEN WC. 2 -4

P riNAL KAX. LOAD (USS) 1200 1,000

r:SAL -Y-!-FS 10,000 10,0 0

TE7--EA R F70 7C

sp!:l%v o"Em______im___

I r,N.) 0.800 0.80C
E 1.41? .41C
E 1: 7.ci. 7 1, , 1. '79 ,

w E.• E2': tlN.." 1.6 r. 6

L-, ::%.._-_ _ _.7;:

1 . i 729

:" "0.644 0.66--

A.: L, L.•:;- L.,,3 (IN.L 7. - D. "6 9

. -: A . ,!,1.1 - 0.9
s': :z . C.6EE . 2

st: I N., 0.71-3 0. 70i-

F .. 2,9.K 2,90C

:-.-~ .-,.- .: ,-t 7. - 2 73,
PMAX L-2F 3, 01

: -"" 12. 12,02
.- _ x va •*.'r K-: ,. 37.:- 34.4

A,x",. *,.: 1.007 1.0:-

0 .5 E C.53r

YIS-T-: s' x;- ,(K 122.8 122.P

2.5 ( '.S (IN. <B:a C.2 3 .- .94 0. 2, ,. + .91
ST,.fL,AVC.<,.. 1.01 1.05

ST2 /L.AVG.<.I 1.08 1.02

If.'7 (.6 1
L1.L 2. L2 /. 3 L IL - .95-1.05 1.04,0.98,0.97 1.06,1,01,1.01

Y.S. 0 40oc- 86.6

Y.S s OCC*F 63.0

VALIS c S-7 A/W = 0.59 A/W = 0.57
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FRACTURE TOUGHNESS KIC DATA SHEET Ta bl e 8
ALLOY TitEnium HEAT TREA-T. 6-4 pm (AFWAL MLSE)
FORM PROJECT ENGR. Neal Ontko

DATE Nov. Iq8 TECHNICIAN MAClIHINE USLI;)

FAT14t;UE CRACK Jo,hn Lbl,)in 4 Post MTJI <
TESTED John Eblin Tinius Olsen t.

SPECIMEN NO. 1 2 3 4 5 6

FATIGUE PRECRACK

P FINAL MAX. LOAD (LBS.) 1300 1100 1000 1100 1250 1250

FINAL CYCLES 50,000 40,000 13,000 60,000 45,000 45,000

TEST TEMPERATURE *F 400 400 400 800 800 800

SPECIMENS DIMENSIONS

B (IN.) .8021 .8023 .8024 .8023 .8021 .8020

E1 (IN.) 1.4101 1.4097 1.4110 1.4115 1.4111 1.4115

E2 (IN.) 1.7904 1.7907 1.7909 1.7919 1.7910 1.7930

W = El+E 2/2 (IN.) 1.6003 1.6002 1.6010 1.1017 1.6011 1.6023

L (IN.) .7593 .7776 .7693 .7788 .7746 .7488

1, (IN.) .7547 .7503 .7544 .7597 .7633 73 4

L (IN.) .7711 .7632 .7629 .7710 .7697 .7572

L AVG. + L*L 2L 3/3 (IN.) .7617 .7637 .7622 .7698 .7692 .7484

a = W-L AVG. (IN.) .8386 .8370 .8390 .8320 .8320 .854

ST (IN.) .7964 .8120 .8231 .8113 .8126 .8026

ST2 (IN.) .8112 .7942 .8109 .8114 .8135 .8010

TEST RECORD

PQ (LBS.) 4230 4150 4120 3660 3720 3630

PMAX (LBS.) 4240 4150 4120 3950 4020 3930

TEST TEMP.('F) 400 400 400 800 800 800

CALCULATIONS

a/w (.45-. 551

f (a/w) -

KQ - PQ x f(a/w)/B,W(KSIVIN.) 43.4 42.5 42.3 37.0 37.7 38.4

PMAX/PQ - [<1.I01 1.00 1.0 1.0 1.08 1.08 1.08

ORIENTATION

YIELD STRENGTH (KSI)

2.5(KQ /Y.S.)2 (IN.)B;a .63<.8021/.839 .60<.802/.837 .59<.802/.83) .86,.802/.832 .5°O<.802/.832 .9" 3H02 5

STI /LAVG.,1.1 1.05 1.06 1.38 1.05 1.116 1.07

ST / -AVG. 1.1 1.065 1.04 1.06 1.05 1.06 1.07

P.-'P 0.6

I /L L, L 3. , L /L1  .95-1.05 1.01.98,1.02 1.04,.98,.98 1.02,.99,.99 1.011.99,.99 1.06.99.99 1.01.98,_,01

Y.S. @ 400*F 86.8

Y.S. @ 800*F 63.0

VALID KIC TEST? yes yes yes no no no

REASON WHY NOT 2.5(K)2>B;a 2.5(K_):>B;a 2.5(K ;a
ys ys ys

PRECRACK (LBS.) x I03

2400/240 9 16 22 15 16 17

1300/130 50

2300/230 .'7

1250/125 20 V,

1)00/110 0' .0

Measured and calculated KIC data for Ti-6A1-4V PM alloy specimen
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10010 4  l05 10 6 107
160

STATUS 1984

OUGHT MATERIA 140

I 120

800" 800 -PREALLOYED 12
OWDER COMPACTS"

6000
8060

V)BLENDED ELEMENT

400 60

SMOOTH AXIAL ROOM TEMPERATURE FATIGUE OF Ti-6A1-4V - 0
ANNEALED WROUGHT MATERIAL AID POWDER COMPACTS

200
20

I 5 0

104  i0 106 107

CYCLES TO FAILURE, N f

Figure 11. Comparison of Fatigue Behavior of Annealed Blended

Elemental and Prealloyed Ti-6A]-4V PM Compacts, with

Ingot Metallurgy Material.
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MPa m

10 102
I I

FCGR OF IM
- AND PM Ti-6Al-4V AT
- ROOM TEMPERATURE

(LABORATORY AIR) 10 2
R=O.1 

FREQ. = 5 to 30 Hz

-4

10

4 3p4

U0

~--U

10

M -4

-10

-- I

--PREALLOYED " S

P'M CONSOLIDATED

(AFWAL/METCUT)
-FREQ. =5 Hz - -

I -

I0 102

AK, STRESS INTENSITY-KSI If-N.

Figure 13. Comparison between FCGR in Powder Matellury

Compacts and Ingot Metallurgy Material.
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[MPa sqrt(m)]

10 10I I0

FOUR SPECIMEN 400 DEG.F.

1.4

U*

V

le

o

U 

b

'--)

mS

44
R 0.10

* Temp 400.0 Deg. F

freq. = 30.0 Hz

Test environment =

LAB AIR

Orientation =

1I- 7 ! ! i I I 1 ! ! 1 1
10- 7 I

Figure 14. Stress Intensity Range, Delta K, (KSI sqrt [in.)]

AFWAL da/dN @ 400'F
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[MPa sqrt(m)]

10

*#5, #6, #7 Ti6Al-4V P/m 800F.

10

$4

1 1000

5t

13-

-*

100
UJ

*E

6e

S10-6
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co
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R R=0.10 10
iTemp = 800.0 Deg. F

freq. = 30.0 Hz

Test environment =

LAB AIR

Orientation =

1-7 _ I I 1 I I11 I I 11 Ill
10

1 10 100

Figure 15. Stress Intensity Range, Delta K, [KSI sqrt (in.)]
AFWAL da/dN @ 8000
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